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ABSTRACT
A New Method of Measuring Flow Stress
for Improved Modeling of
Friction Stir Welding
David John Prymak
Department of Manufacturing Engineering, BYU
Master of Science
Deficiencies in friction stir welding (FSW) numerical modelling are identified.
Applicability of flow stress data derived from hot compression, hot torsion, and split Hopkinson
bar testing methods is assessed. A new method of measuring flow stresses in the stir zone of a
friction stir welding tool is developed. This test utilizes a non-consumable flat-faced cylindrical
tool of different geometries that induces a vertical and rotational load on the material of interest.
A constant vertical load and rpm value is used for each test yielding the resulting motor torque
and temperature generation to define the material response. Experimental samples are crosssectioned, polished, and etched to reveal the material flow behavior below the tool. A viscositybased model is used to quantify the shear stress and rim shear rate present in the shear layer
below the tool. This test is referred to as the high-pressure shear (HPS) experiment. A parameter
window is developed for two alloys of interest, AA6061-T6 and AA2219-T87 and results are
reported. The HPS experiments yields flow stress estimates that are pressure and strain rate
dependent. Different tool geometries are explored to understand the impact of the “dead zone” at
the center axis of the tool. When compared to hot compression and hot torsion the HPS flow
stress dataset trends 20-86 % lower across the two materials tested.
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INTRODUCTION

Introduction to the Problem
Friction Stir Welding is a solid-state joining process that was invented by The Welding
Institute, Cambridge, U.K., in 1991 [1]. FSW methods have been developed for many different
alloys and weld geometries, but this often requires significant trial and error experimentation. The
process parameters and tool design need to achieve a good weld can be different for each material
and weld geometry, hence the need for time consuming trial-and-error

[2, 3]. Numerical

simulation of FSW could help to reduce the time and effort needed for welding development, but
after many years of effort the predictions generated by FSW models have not proven accurate
enough to be useful.
Most prior modeling efforts employ data from hot compression or hot torsion testing,
because the flow stresses generated by these methods are readily available. Rather than questioning
whether these input data are appropriate for simulating FSW, most investigators try to tune the
model by adjusting the friction coefficient to achieve reasonable temperature predictions. This
tuning, however, usually results in vertical tool loads that are overpredicted, usually by greater
than a factor of 2. Our working hypothesis is that the flow stresses measured by hot compression
or hot torsion are much higher than those in the highly sheared material around a FSW tool,
because these methods do not emulate the mode of deformation nor the range of strain rates
experienced in FSW [4-8].
1

The purpose of this research is to develop a new approach for generating experimental flow
stress data in conditions that are relevant to FSW. The method to be investigated involves plunge
experiments with a custom flat, pinless tool, for AA 6061 and AA 2219 plate. The plunges will be
done at different levels of rpm and feed rate, where temperature, load, and torque data associated
with each parameter set will be measured. These data will then be employed, along with a thickness
measurement of the shear layer under the tool, in an analytical model to estimate the strain rate
and flow stresses in the material. The measurements thus obtained will be used to adjust existing
flow stress curves for the alloys of interest, in order to improve the accuracy and predictive value
of a FSW model.

Literature Review
Friction Stir Welding (FSW) is a solid-state joining process that involves plasticizing two
materials and combining them in a high strain and strain rate process. To achieve a bond, the
cylindrical tool is rotated and plunged into a material and translated across the joint to be welded,
as shown in Figure 1a. The shoulder of the tool generates heat, allowing the material to flow as
the pin mixes the two materials in a zone known as the weld nugget.

Figure 1-1: (a) A 3-dimensional image of the FSW process [8] (b) A cross-section of the
FSW zones: (A) base metal, (B) heat affected zone (HAZ), (C) thermo-mechanically
affected zone (TMAZ) and (D) weld nugget [9].
2

During FSW heat generation is lower than for a fusion welding process, with the material
in the weld usually not exceeding a peak temperature of 0.95 of the melting temperature [7].
Figure 1-1b shows the different regions in a friction stir weld. Surrounding the weld nugget (D),
the TMAZ (C) experiences much lower temperatures, strains and strain rates. Beyond the
TMAZ, the HAZ (B) experiences lower temperatures and no deformation or strain. Values of
estimated strain, strain rate and temperatures in each zone are provided in Table 1-1 to illustrate
differences in conditions experienced across the weld region.

Table 1-1: A table of relevant ranges of temperatures, strains, and
strain rates estimated and measured for FSW [9].
Zone

Homologous Temperature (C)

Strain

Strain Rate

HAZ

0.52 – 0.77

0

0

TMAZ

0.64 – 1.00

5-80

1.6-1000

Nugget

0.53 – 1.04

5-80

1.6-1000

In the paper that published these data, the estimated strains and strain rates in the TMAZ
and nugget regions were investigated, and it was concluded that no numerical estimate could be
made to differentiate the deformation experienced between the TMAZ and nugget region. Due to
this, the range of strain and strain rate listed in Table 1-1 is the same for both the TMAZ and
nugget regions. At any rate, the nugget and TMAZ experience deformation while the HAZ only
experiences a change in temperature. With this assumption we know that the gradient of strain
and strain rate from the nugget region to the HAZ is large. This gradient in strain and strain rate
over a short distance makes it difficult to model FSW [8-10]. Therefore, accurately replicating
the mode of deformation in FSW is needed to generate flow stresses that are relevant to
3

modeling the process. Most modeling efforts currently employ flow stress data obtained by one
or more of the following methods: hot compression, hot torsion, or split Hopkinson bar testing.
The following discussion addresses the strengths and weaknesses of using these data with respect
to FSW modeling.

1.2.1

Hot Compression
Hot compression is a common test used to understand material response to controlled

compressive loads. Strain rates of 0.0001 s-1 to, at most, 300 s-1 [11] can be achieved with this
method. In spite of its availability for ferrous-based alloys, compression testing at rates of higher
than 30 s-1 is scarce for aluminum alloys.
The assumption made for compression testing is that sufficient lubrication between the
tooling and the part will allow for homogeneous deformation within the material. However, even
with good lubrication, and limited barreling of the specimen edges, the deformation within the
specimen is not homogeneous. This is illustrated in Figure 1-2 for compression testing of
copper. In region A there is a dead zone with very little deformation, while region C exhibits
high levels of shear. Region B shows the typical barreling that occurs, because friction prevents
perfect sliding of the material against the tooling.

Figure 1-2: Cross-section of copper sample after completion of a compression test, regions
differentiating microstructure and deformation are labelled.
4

The lack of homogeneous deformation, combined with relatively low strain rates when
compared to FSW (1-1000 s-1), make this test a poor simulator of FSW conditions. This mode of
deformation and range of strain and strain rate may be applicable to parts of the TMAZ zone in
FSW, but it cannot accurately characterize the higher strain rates and saturation of deformation
experienced near the spinning tool surface.
Another, aspect of FSW that is not experienced in compression testing is thermal
softening. Thermal softening occurs at strain rates of 102 s-1 and higher. This strain-rate-induced
softening has a large impact on the flow stresses in areas of high grain refinement, which is
typical in FSW, with high strain rates and dynamic recrystallization occurring in the material
near the tool interface [12].

1.2.2

Hot Torsion
Hot torsion is a method of testing used to assess the hot-workability and constitutive

behavior of metals [13]. In hot torsion a cylindrical sample is clamped in jaws from both sides.
One side is stationary, and the other is rotated to induce a torsional load at controlled strains and
strain rates. This method would seem to have greater similarity to FSW than compression
testing; however, the mode of deformation is still not really comparable to FSW. The
deformation in hot torsion is not homogenous at smaller strains, as most of the deformation
occurs at the outer radius of the sample [5]. It also does not impart the pure shear component
that material near a spinning FSW tool experiences.
Additionally, hot torsion tests are done in the absence pressure applied to the specimen
which is present in the material under the FSW tool. The amount of downward force present
during FSW can have a noticeable effect on defect formation/size and microstructure formation
5

in the TMAZ and weld nugget [5, 14]. Therefore, hot torsion cannot accurately represent the
effects of z-forces, and associated compressive stresses, that are present in FSW.

1.2.3

Split Hopkinson Bar
Split Hopkinson Bar testing (SHPB) is a type of compression testing that occurs at very

high velocities and strain rates. This process can achieve strain rates as low as 300 s-1 and as high
as 4000 s-1. A striker bar is fired from a gas gun to impact the sample. The sample is placed
against an incident bar that transfers that force to a momentum trap. Strain gauges are placed on
the incident and transmitted bars [15]. These tests can be performed at elevated temperatures.
While this form of testing does produce relevant strain rates, the absolute value of the strains is
very small, often below 0.2 [6]. FSW produces strains from 5 – 80 in the weld nugget region [9],
thus this method may not be comparable in terms of the effect of microstructure on flow stress.

1.2.4

Summary of Testing Methods
Based on the literature, none of the methods typically used for flow stress

characterization fully replicate the mode of deformation observed in FSW, which is important if
the process is to be accurately simulated.

Methodology

1.3.1

Description of Experimental Approach
For this research we will be focusing on characterizing the flow stresses of both AA 6061

and AA2219 using a pinless flat tool that will be plunged into the material at vertical and at
different rpm. Figure 3 shows a visual example of the proposed test method.
6

Figure 1-3: Example configuration of a flat tool experiment.

The experiments will employ the following test parameters:
•
•
•

vertical load
rpm
dwell time/plunge depth

The spinning flat tool configuration will allow us to characterize the flow stresses in deformation
conditions similar to FSW. At the start of each experiment, the tool and specimen will begin at
room temperature and then heat up during the plunge. Thermocouples will be embedded in the
tool and the plate, so temperatures can be measured during the experiment. Each experiment will
provide temperatures, torque on the tool, and vertical load. The thickness of the sheared material
under the tool will be measured via optical microscopy on a cross section. These data will be
used in an analytical model in order to estimate strain rates and flow stresses in the material
under the tool.
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DEVELOPMENT OF A HIGH-PRESSURE SHEAR TESTING APPROACH TO
IMPROVE MEASUREMENT ACCURACY OF FLOW STRESSES USED IN
THE SIMULATION OF FRICTION STIR WELDING

1

John Prymak, 1Michael Miles, 1Tracy Nelson, 2Fredrick Michael
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Department of Manufacturing Engineering
Brigham Young University
Provo, UT 84602

2

NASA Marshall Space Flight Center
Huntsville, AL 35808

Corresponding author: Michael Miles, mmiles@byu.edu

Abstract
A new approach for measuring flow stresses near a spinning friction stir welding (FSW)
tool is evaluated on AA 6061-T6 plate. The test consists of plunging a cylindrical tool with a flat
face into the plate at different rotational speeds, using a variety of constant vertical loads. A
viscosity-based model of the shear layer created under the tool is employed to estimate local
flow stresses. The flow stresses measured by this approach exhibited an inverse relationship with
temperature and a positive dependence on the pressure imposed by the spinning flat-faced tool.
Compared to hot compression and hot torsion results, estimated flow stress levels in highpressure shear were lower by 20-55%, for similar temperatures and strain rates, owing to grain
refinement induced by continuous dynamic recrystallization. This high-pressure shear approach
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could be used to characterize material behavior near a rapidly spinning FSW tool, leading to
improved process model predictions.

Introduction
Friction stir welding (FSW) has been implemented in a number of industrial sectors over
the past two decades, with particular success in the transportation sector. The process has been
employed in the fabrication of fast ferries, ships, rail cars, and the automotive industry. FSW has
also seen some limited application in aluminum aerospace alloys, where the solid-state nature of
FSW eliminates many of the weldability problems associated with fusion welding processes.
The ability to produce high quality welds, with excellent post-weld properties, in materials that
are traditionally difficult to join has made FSW and its derivatives an attractive potential solution
for lightweight aerospace structures.
Development of FSW for use in new alloys or structures is typically accomplished by
experimentation to determine tooling design and process parameters that produce sound welds.
As a result, broader acceptance and accelerated implementation of FSW in critical applications has
been impeded. A robust, high-throughput virtual development capability for tooling design and
process parameters determination would aid in removing many of these impediments. At the
present time numerical simulation of FSW is still not predictive enough to avoid significant
experimental effort in defining acceptable process parameters that lead to high-quality welds.
Improved modeling capabilities that can guide process development and accelerate
implementation are needed to enable broader use of this important technology.
Numerical simulations of FSW are challenging, partly because of the large deformations
imparted by the welding tool, which spins rapidly and translates at the same time. The motion of
9

the tool creates large gradients in both strain rate and temperature in the material being welded.
The Eulerian, Lagrangian, and Arbitrary Lagrangian Eulerian (ALE) formulations have all been
utilized for simulation of FSW, and each approach has advantages and limitations. With a
Lagrangian approach the evolution of material flow can be fully captured, but the finite element
mesh is deformed along with the material, so frequent remeshing is necessary, practically at each
time step, to avoid excessive element distortions [16]. The Eulerian formulation, within which the
computational domain is fixed, avoids remeshing and is consequently more numerically efficient,
but the evolution of material flow with time cannot be predicted. The third approach, ALE, is a
hybrid in which the mesh is not strictly linked to material flow but can be adjusted to accommodate
high levels of deformation. Each of these modeling frameworks has merit, but the Eulerian one is
by far the least intensive from a computation viewpoint and can accommodate more complex tool
geometries than the others, making it the choice most often used for development studies.
Regardless of the formulation utilized, capturing the heat generation at the interfaces is the
most problematic aspect of modeling FSW. Generally, a friction law is used to model the sliding
behavior for the contact interface between the tool and the part. Friction laws that have been used
in modeling of FSW include: Coulomb, Tresca-limited Coulomb, viscoplastic Norton, or Tresca
laws [17]. The friction law is the primary variable that is adjusted to achieve a “best fit” between
the desired outcomes of the model relative to a specific set of welding parameters. When welding
parameters are changed, the friction law must often be adjusted to achieve a good prediction for
the new conditions being modeled. In FSW, heat generated by friction is conducted to the
surrounding material, producing thermal softening which facilitates the bulk upset necessary to
produce sound welds. Most models can effectively capture the bulk deformation of material where
strains and strain rates are relatively low. This would include the thermo-mechanically affected
10

zone (TMAZ). Flow stresses for accurate bulk deformation predictions can be obtained by hot
compression or hot torsion testing. These methods of testing are widely used, where strain rates of
0.0001 s-1 to 300 s-1 can be obtained [11], although we found compression testing at rates of higher
than 30 s-1 to be scarce for aluminum alloys.
Hot torsion does a better job, than hot compression, of replicating the deformation mode
of material near a spinning FSW tool and has been used to create material models for various hotworking processes. The strain levels attainable in hot torsion are greater than those of typical of
hot compression, but are still relatively small compared to FSW [5]. However, the mode of
deformation is still not quite comparable to FSW: deformation is not homogenous at smaller strains
and most of the deformation occurs at the outer radius of the specimen. Additionally, hot torsion
tests are done in the absence of directly applied pressure on the material. In FSW, pressure between
the tool and workpiece is substantial and has a beneficial effect on defect formation/size and
microstructure formation in the TMAZ and weld nugget [5, 14].
Split Hopkinson Bar testing (SHPB) is a type of compression testing that occurs at very high
velocities. Strain rates as low as 300 s-1 and as high as 4000 s-1 can be achieved. A striker bar is
fired from a gas gun to impact the specimen, with strain gauges on the incident and transmitted
bars [15]. While these tests can be performed at elevated temperatures, the value of the applied
strain is very small, often below 0.2 [6]. FSW produces strains from 5 – 80 in the weld nugget
region [9], thus SHPB is not very applicable in terms of the microstructures produced, which have
a strong influence on the measured flow stress.
None of the tests just presented can replicate the thermal softening that occurs from
continuous dynamic recrystallization (CDRX), as is characteristic of the material sheared by a
FSW tool. During hot compression and hot torsion testing, thermal softening occurs primarily from
11

the elevated testing temperature. However, in FSW both temperature and grain refinement from
microstructural evolution (CDRX effect) lead to thermal softening [12]. For these reasons, a
different method of measuring flow stress, in a manner that replicates the deformation mode in
FSW, is proposed in this paper. The objective of the new test is to characterize flow stresses more
accurately at high strain rates, under intense shear deformation, in order to better model the
material behavior near the FSW tool, leading to more accurate model predictions of the FSW
process.

Experimental Procedures and Material Model
In order to replicate the shear conditions that occur in FSW a simple tool geometry was used
in a plunge configuration, as shown in Figure 2-1. We refer to this as high-pressure shear testing
because the material is under a state of pure shear while pressure is applied. The flat, pinless tool
was compressed into the top surface of an aluminum plate, under vertical loads and rates of rotation
that are representative of the FSW process.

Figure 2-1: High-pressure shear geometry used for flow stress measurements. The shaded
area under the tool represents a portion of highly sheared Al material.
12

Directly under the tool is a portion of material undergoing high levels of shear deformation. In
order to estimate shear stresses in this material, it was modeled as a thin, viscous layer sheared by
a spinning disk, as depicted in Figure 2-2.

Figure 2-2: Upper rotating disk and lower stationary disk shearing a viscous material of
thickness t.

This material modeling approach follows that presented in [18], where we assume that the
thin layer of aluminum under the spinning tool surface can be approximated as a Newtonian
material. In this case, the upper disk is assumed to be rotating at a constant rate Ω𝑜𝑜 , the distance

between the disks is the thickness of the sheared layer t, and the velocity gradient between the
upper and lower disk is a linear function of both r and z:
(2-1)

𝑣𝑣 = 𝑟𝑟Ω(𝑧𝑧)

where the rate of rotation depends linearly on z position:
Ω(𝑧𝑧) = Ω0

𝑧𝑧
𝑡𝑡

(2-2)

The position z=0 corresponds to the boundary between the sheared layer and the material

underneath that is not sheared (stationary disk), while z=t corresponds to the interface where the
13

material contacts the flat tool (rotating disk). It is assumed that there is no slip between the rotating
upper disk or the stationary lower disk, which is an approximation, but may be fairly reasonable
for aluminum in contact with an H13 tool surface (z=t position) at high temperature. Micrographs
of the boundary at the z=0 position have shown a fairly abrupt transition between fine grains that
resulted from dynamic recrystallization and larger grains that were not affected by shear
deformation, as will be seen later.
The shear strain rate in the material is obtained by taking the derivative of the velocity in
equation 1 with respect to z:

𝜀𝜀̇ =

𝑑𝑑v
𝑑𝑑𝑑𝑑

=

𝑟𝑟Ω0

(2-3)

𝑡𝑡

This expression is simplified to the shear rate at the rim of the disk:
(2-4)

𝜀𝜀̇ = RΩ𝑜𝑜 /𝑡𝑡

as is done in analogous modeling of a disk rheometer [19].
Then the shear stress in the material, or flow stress, is a function of strain rate and viscosity
µ (Newtonian assumption):

𝜏𝜏 = 𝜇𝜇𝜀𝜀̇

(2-5)

The torque required to rotate the disk is obtained by integrating the product of radial distance from
the axis of rotation and the shear stress over the surface of the disk:

𝑇𝑇 =

𝑅𝑅
𝑟𝑟Ω
∫0 𝑟𝑟𝑟𝑟 𝑡𝑡 0 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

=

𝜋𝜋𝜋𝜋Ω0 𝑅𝑅4

(2-6)

2𝑡𝑡

where R is taken as the radius of the sheared zone, which is approximately the radius of the tool.
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Since the torque is a parameter that can be measured during a plunge experiment, it becomes an
input that allows for computing the viscosity of the material:

𝜇𝜇 =

2𝑡𝑡𝑡𝑡

(2-7)

𝜋𝜋Ω0 𝑅𝑅 4

The strain rate computed from equation 2-4 and viscosity from equation 2-7 are combined

to estimate shear flow stress, using equation 2-5.The experiments for estimating shear flow stresses
under the tool were performed on 12mm thick AA6061-T6 plates, with several different rpm and
vertical loads. If the rpm was too low, for a given vertical load, the material would not flow, as
shown in Figures 2-3a and 2-3b.

Figure 2-3: Top views of preliminary plunge experiments with vertical load of 27kN and
tool rotational speeds of a) 100 rpm, b) 200 rpm, c) 400 rpm, and d) 600 rpm.

Therefore, parameters were chosen based on an ability to generate smooth flow of material
under the tool. The output of the experiments consisted of torque from the machine spindle, T, and
thickness of the shear layer t created by the spinning tool. This allowed for estimating the strain
rate and shear stress in the material from equations 2-4 and 2-5. Some examples of plates that were
plunged over different time periods are shown in Figure 2-4.

15

Figure 2-4: Top view of plates for four different experiments, using a tool speed of 400 rpm
and a constant vertical load of 27kN. The test was run for a) 5 seconds, b) 15 seconds, c) 25
seconds, and d) 35 seconds. A cross-section showing shear layer thickness.

The thickness of the shear layer under the tool was measured from cross-sections (as seen
above in Figure 2-4). The layers were measured from the top surface of the weld to a depth that
corresponds to the boundary between material that was sheared and material that was not. This
boundary was determined visually from the macrographs, as shown in Figure 2-5, including
magnified observation of the boundary region in order to ensure accuracy.

Figure 2-5: Macrograph of shear layer (left) and magnified image (right) of the boundary
between the shear layer and the undeformed material underneath.
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As can be seen in the magnified image of Figure 2-5, the grain size in the sheared material is much
smaller than grains in the area below it. The small grains are a result of dynamic recrystallization
that is promoted by high levels of shear deformation at high temperatures.
Temperatures in the tool were measured during the high-pressure shear experiments with
a thermocouple, embedded at a point 11 mm from the center of the tool and 1 mm from the face
of the tool, as shown in Figure 2-6.

Figure 2-6: Thermocouple position in the tool used for high pressure shear experiments.

The tool temperature was measured during each experiment and plotted, along with
estimated shear stress under the tool, as a function of test parameters. The experiments were
performed using a constant tool speed of 400 rpm, where vertical loads of 18, 27, and 36 kN were
imposed using the load control capability of the machine. For each set of parameters, different
plunge durations allowed for studying the effect of time and temperature and flow stresses.

Results and Discussion
A representative curve of shear stress in the layer of material under the tool, along with tool
temperature as measured by thermocouple (location in Figure 2-6), is shown in Figure 2-7. The
shear stress in Figure 2-7 peaks early in the plunge and then drops as the temperature increases.
For FSW at a travel speed of 100mm/min (which is considered slow) the length of time for the
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width of a 6 mm diameter pin to pass a given location is just under 4 seconds. Therefore, it is
reasonable that the flow stresses characteristic of FSW would be somewhere just after the peak in
Figure 2-7, e.g. maybe in the interval between 4 and 5 seconds. Nevertheless, flow stresses were
measured at several time increments along the entire curve, over a range of strain rates and
temperatures for each set of parameters. As such, the letters a – d in Figure 2-7 are provided as a
reference to the durations of different high-pressure shear experiments. Though one complete
curve is shown in Figure 2-7, individual experiments were performed in order to terminate the
deformation and thermal cycle so the depth of the material deformation below the tool could be
measured.

Figure 2-7: Shear stress and tool temperature as a function of time, for high-pressure shear
experiments at 400 rpm at a constant vertical load of 27 kN.

Table 2-1 presents the data from all high-pressure shear experiments performed at 400 rpm.
Shear flow stresses varied from 27 – 51 MPa over a range of strain rate and tool temperatures of
149 – 792 s-1 and 197 – 485C, respectively.
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Table 2-1: Flow stresses as a function of strain rate
and temperature, for AA 6061-T6.
Load (kN)

Duration (s)

Flow Stress (MPa)

Temperature (C)

Strain Rate (𝒔𝒔−𝟏𝟏 )

18

10

35

368

279

18

20

30

429

236

18

30

29

452

214

18

40

27

464

209

27

5

43

315

599

27

15

35

432

208

27

25

33

464

195

27

35

32

485

149

36

2.5

51

197

792

36

5

47

321

553

36

10

42

413

184

36

15

40

455

164

The temperature and strain rate data are plotted in Figures 2-8a and 2-8b, where they appear
to reach steady-state after about 10 seconds. The saturation in temperature indicates an equilibrium
in the rate of heat removal versus the rate of heat generation. At the same time, the strain rate
saturates as the growth in the thickness of the shear layer tapers off with time (average strain rate
is a function of layer thickness, per equations 2.3-2.5).
A strong inverse relationship between shear flow stress and temperature is shown in Figure
2-9, as would be expected. Finally, the measured shear flow stresses display a clear dependence
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on the pressure (as calculated from the applied z-force divided by the area of the tool) exerted by
the tool, for different constant loads applied during the test.

Figure 2-8: Inverse relationship between (a) temperature, and (b) strain rate, as a function
of plunge dwell time.
Figure 2-10 shows an increasing shear flow stress with applied pressure, where the spread
of values at each pressure reflects the effect of temperature (lower temperatures equate to higher
flow stresses at each pressure).
Finally, the measured shear flow stresses display a clear dependence on the pressure (as
calculated from the applied z-force divided by the area of the tool) exerted by the tool, for different
constant loads applied during the test. Figure 2-10 shows an increasing shear flow stress with
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applied pressure, where the spread of values at each pressure reflects the effect of temperature
(lower temperatures equate to higher flow stresses at each pressure).
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Figure 2-9: Inverse relationship between shear flow stress and temperature.

Flow Stress (MPa)

60
50
40
30
20
10
0

30

40

50

60

70

80

Pressure Exerted by Tool (MPa)

Figure 2-10: Positive relationship between measured shear flow stress and pressure exerted
by the tool. The range of flow stresses at each pressure is caused by different test
temperatures, where lower temperatures result in greater levels of flow stress.

While the effect of pressure has not been explicitly included in most material models used
for simulation of FSW, these experimental data indicate the need to account for such a dependence.
Hot torsion testing does not impose a pressure on the material. Hot compression results in a very
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heterogenous stress state in the material, owing to shear layers along the diagonals of the specimen
that cannot be avoided, even when the specimen ends are well-lubricated. The pressure
dependency seen in the current data aligns with the FSW process, because parameters that result
in good, consolidated welds always exert sufficient pressure on the material being stirred, in order
to avoid tunnel defects or voids.
The shear flow stress data in Table 2-1 are compared with hot compression and hot torsion
data from the literature [20, 21], as presented in Figure 2-11. For a given temperature (indicated
by color on the graphs) the high-pressure shear experiments generate flow stresses that are 20%68% lower than hot compression or hot torsion, respectively.
The range of flow stresses generated from the experiments in the current work are fairly
narrow, because parameters that were able to achieve stable flow in the material under the tool
resulted in relatively high strain rates and temperatures. But even for experiments where
temperatures were lower, in the range of 200-300C, the estimated flow stresses from high-pressure
shear testing were much lower than those from hot compression or hot torsion, as seen in Figure
11 (i.e. about 51 MPa for high pressure shear with tool temperature of 197 C and closer to 160
MPa for hot torsion, between 200-250C).
As we have previously discussed, the mode of deformation imposed during testing is
important in order to replicate the conditions inherent in FSW. The material in contact with the
surfaces of the shoulder and pin of a FSW tool are essentially in pure shear, while under significant
pressure. Therefore, the use of hot compression or hot torsion data in constitutive material behavior
for modeling these high shear regions in FSW may not be accurate enough to enable predictive
simulation results.

22

Figure 2-11: Flow stresses measured by high-pressure shear experiments, compared to data
from a) hot compression [20], and b) hot torsion experiments [21].

The comparisons in Figure 2-11 can be explained by the role that microstructure and
recovery processes play in local flow stresses. As presented in the literature section of this paper,
CDRX is well documented as a recovery mechanism in FSW of aluminum alloys. Additionally,
prior work in FSW/FSP [22-25] has demonstrated that the grain sizes near the tool were submicron,
and even in the range of tens of nanometers.
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The relationship between flow stress and grain size has been established in prior work in
AA 7075, where lower flow stresses in compression were measured in specimens with smaller
grain sizes, for the same temperatures and strain rates [26]. It was postulated that smaller grains
facilitated a grain boundary sliding deformation mechanism at the temperatures imposed during
the testing. This relationship is likely contributing to the low flow stresses observed in the present
study, with the relatively high temperatures and shear deformation mode promoting CDRX
recovery and grain boundary sliding in the shear layer under the tool.
Given the high level of shear generated under the flat tool, a more valid comparison of
yield stress (or flow stress) measured in hot compression could be achieved by converting the
uniaxial compression flow stress to an equivalent pure shear flow stress, using the von Mises
criterion:
𝜏𝜏 = 𝜎𝜎𝑜𝑜 /√3

(2-8)

where τ is the yield stress in pure shear and σo is the yield stress in uniaxial compression (or
tension). Certainly, if hot compression flow stresses were converted to the pure shear equivalent
using equation 8, many of the values provided in the literature would be more appropriate for
modeling local flow stresses in the high-shear region near the surface of a friction stir welding tool.
However, merely converting hot compression flow stress to an equivalent pure shear value would
be insufficient, as this does not capture the effect of microstructural evolution on flow stresses
occurring near the spinning FSW tool. Prior work in FSW has documented the effect of CDRX on
grain size [7]. For this reason, the relatively simple flat tool configuration of the high-pressure
shear test, coupled with the viscous material model presented in equations 1-7, appears to be a
reasonable method for replicating local flow stresses near the surface of a FSW tool. This new
approach could be used to calibrate constitutive models for simulating the high strain rates and
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temperatures experienced in FSW. Hot compression and/or hot torsion data would still be useful
for modeling material behavior further from the tool, where strain rates and temperatures are lower,
and where the material is not under intense shear deformation.

Conclusions
A new high-pressure shear test for measuring flow stresses at the elevated strain rates and
temperatures present in the stir zone during friction stir welding is proposed. A simple flat tool is
plunged into the material of interest at different levels of rotational speed and vertical load, while
torques and temperatures are measured. A viscous material model for the shear layer under the
rotating tool uses a Newtonian material assumption, where viscosity is calculated as a function of
torque, shear layer thickness, and rotational tool speed. The following conclusions were drawn
from the results presented in this paper:
1. High-pressure shear experiments with the flat tool in AA 6061-T6 plate, and the resulting
shear flow stresses estimated from the analytical model, were found to be from 20-68%
lower than those found in the literature at similar temperatures for hot compression and hot
torsion of the same alloy. Strain rates for the hot compression and hot torsion tests were
lower than those of the high-pressure shear experiments, so the differences would likely be
even greater had the strain rates been equal.
2. The high-pressure shear experiments exhibited a saturation of the tool temperature after
about 10 seconds of plunge duration, and a corresponding drop and saturation in strain rate
in the shear layer at about the same point in time. Correlated to these observations was the
evolution of shear layer thickness under the tool, which increased until the plunge duration
reached about 10 seconds, then stabilized and remained relatively constant beyond it.
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3. Measured shear flow stresses exhibited a dependence on pressure exerted by the tool,
where greater applied pressures equated to greater levels of flow stress. This replicates the
conditions created in the stir zone in FSW, where sufficient pressure is needed to avoid
tunnel defects or voids.
4. The intense shear deformation occurring under the flat tool in the high-pressure shear
experiments emulates the conditions of friction stir welding, including microstructure
evolution and grain refinement, resulting in relatively low flow stresses compared to those
measured by hot compression or hot torsion. Prior work has documented the relationship
between smaller grain sizes and decreased flow stresses during high temperature
deformation in AA 7075. Thus, the observation of relatively low flow stresses measured in
the present work are understood in the context of test conditions that promote CDRX
recovery and a grain boundary sliding deformation mechanism.
The current approach could be used to improve the accuracy of FSW models, by providing
more accurate flow stresses for the material layer sheared by the spinning tool. At the same
time, deformation occurring farther from the FSW tool, where the shear deformation is less
intense, could be reasonably modeled using flow stresses from hot compression or hot torsion
testing.
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3

FURTHER DEVELOPMENT OF A HIGH-PRESSURE SHEAR TESTING
APPROACH IN AA2219

Introduction
High strength aluminum alloys are becoming increasingly popular in aerospace
applications, due to their exceptional mechanical properties, corrosion resistance, and
weldability. 2XXX series alloys specifically were developed to have higher mechanical strength
with lower density than their close cousin, the 7XXX series.
AA2219 is a copper-based precipitation hardening alloy with good weldability and
retention of mechanical properties over a wide range of temperatures from cryogenic up to
250 °C [27]. Due to these advantages, it is used extensively in the aerospace industry with
applications in high pressure propellant tanks.
The favorable mechanical properties that this alloy exhibits can be negatively affected by
welding. Fusion-weld joint strength presents problems in AA2219 due to cracking sensitivities
and shrinkage during solidification [28, 29]. For this reason, solid state joining by friction stir
welding (FSW) is commonly implemented with AA2219.
The FSW process is employed in several different applications in the aerospace, marine
and automotive industries, owing to its ability to maintain good mechanical properties after
welding, compared toother traditional joining processes.
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In FSW, a non-consumable tool is rotated and plunged into a material and translated along
a joint interface/geometry. This process leverages the friction created between the tool and
workpiece to induce a mechanical stirring of the joint interface. The relatively low temperatures
and high strain and strain rates yield favorable microstructures via grain refinement that
outperform fusion welding processes.
Understanding the material behavior and further defining the is the FSW process is critical
to expanding the advantages and widespread use of FSW. During FSW the material undergoes
what is called severe plastic deformation (SPD), which is essentially a metal forming operation
under an high hydrostatic pressure [30].This hydrostatic pressure allows the material to undergo
large strains and strain rates while remaining consolidated under the tool shoulder. Sufficient
downward tool force is critical to maintaining good weld quality free of voids and defects [8, 3133]. Important variables to consider during the FSW process are: tool axial force, tool transverse
rate (welding speed), and tool rotational speed [34].
The weld region, including the nugget and TMAZ, can be compared to that of high
pressure torsion, which creates a homogeneous microstructure [35]. The pressure exerted in FSW
is lower on average than HPT, but the shearing of material is much greater than that induced by
HPT. The flow of material during FSW is different from testing methods, such as hot
compression and hot torsion, that are often used to characterize stress-strain behavior at different
temperatures and strain rates. A new approach to measuring flow stresses that emulate the
conditions of FSW is high-pressure shear (HPS) testing, where the vertical load (pressure), shear
rate, and temperature are variables that influence the measured flow stresses.
The HPS process has been developed [ref] and evaluated initially on AA 6061-T6, where
measured flow stresses were found to be lower than those measure via hot torsion or hot
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compression, for similar strain rates and temperatures. The current paper employs the HPS
process to evaluate flow stresses for AA 2219, with a slightly different tool design, using a flat
cylindrical tool with a hole in the center, rather than a solid tool. Using this hollow tool design,
the effect of temperatures, strain rates, and pressures exerted by the tool on flow stresses were
evaluated. Several hollow tool geometries were also explored to study the effect of radial
variation in the flow characteristics.

Experimental Procedure
A hollow cylindrical tool with slightly concave working surface is plunged into a billet of
material at a constant rpm and constant vertical load as show in Figure 1. During this experiment,
the tool engages the billet material inducing rotational flow below the tool, known as the shear
layer. The vertical load creates a constant pressure that is coupled with the shearing deformation.
The flat FSW tool does not include a pin, but varied tool geometry is used in the form of axissymmetric bores at 6-mm and 18-mm diameters.
Four parameters are controlled in this experiment: tool geometry, rpm, pressure (via load
control), and experiment duration, as illustrated in Figure 3-1b. The three main parameters are
displayed Figure 3-2 below, where experiment duration is omitted from the plot.
This parameter space enabled thorough exploration of the relationship between flow
stress and the following: strain rate, temperature, pressure, and flow zone geometry. Temperature
is not directly controlled but is measured during the experiment and the plunge was terminated
upon reaching a target temperature (100, 200, 300, 400C).
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Figure 3-1: High-pressure shear experiment a) Schematic of tool and plate interaction b)
Definition of inputs and outputs of the experiment.

Experiment duration was highly correlated to temperature in each case. Temperature was
measured in the tool with an embedded thermocouple, 11mm from the center and 1mm from the
face of the tool, as shown in figure 3-2.

Table 3-1: Table of the parameter space used for the AA2219-T87 experiments.
Only the 400-rpm parameters were used for tool 2 and 4.
Experiment Parameters
Tool Geometry

Tool 1, Tool 2, Tool 4

Pressure (MPa)

53.5, 73.3, 89.2

RPM

200, 400, 600

Temperature (C)

100, 200, 300, 400
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Figure 3-2: Schematic representing tool geometries used in experimentation, units in mm.
Tool 1 – solid flat faced tool. Tool 2 – flat faced tool with 6mm bore. Tool 4 – flat faced tool
with 18mm bore.
The experiments used to estimate shear flow stresses under the tool were performed on 20
mm thick AA2219-T87 plates. Sufficient vertical load and RPM is required to induce material
flow that is repeatable. Once this parameter window was determined, output of the experiments
consisted of torque from the machine spindle (T) and thickness of the shear layer (t) created by the
spinning tool, shown below in Figure 3-3.

Figure 3-3: Top view of plates for four different experiments, using a tool speed of 400 rpm
and a constant vertical load of 27kN (Tool 1). The test was run for a) 0.9 seconds (121 C),
b) 2.4 seconds (219 C), c) 5.8 seconds (301 C), and d) 23 seconds (415 C).
Each specimen was cross sectioned at the center axis of the plunge to reveal the material
flow under the tool face. As each experiment generates deformation in the billet a distinct shear
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layer is developed, as seen in figure 3-3a-d. The thickness of this shear layer was then measured
from the top surface of the weld to a depth that corresponds to the boundary between material that
was sheared and material that was not.

This boundary was determined visually from the

macrographs, as shown in Figure 3-4, including magnified observation of the boundary region to
ensure accuracy.

Figure 3-4: Macrograph of shear layer (left) and magnified image (right) of the boundary
between the shear layer and the undeformed material underneath.

As can be seen in the magnified image of Figure 3-4, the grain size in the sheared material
is much smaller than grains in the area below it. The small grains are a result of dynamic
recrystallization that is promoted by high levels of shear deformation and high temperatures.
The experiments were performed using constant tool speeds of 200, 400, and 600 rpm, with
constant vertical loads of 27, 36, and 45 kN imposed by the load control capability of the machine.
For each set of parameters, different plunge durations allowed for studying the effect of time and
temperature and flow stresses. For experiments utilizing tool geometries 2 and 4, rpm variation
was limited to reduce the experimental matrix while preserving the ability to compare tool
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geometries across the same rpms, pressure, and resulting temperatures measured. These
experiments were completed at 400-rpm.

Material Flow Model
Directly under the tool is a portion of material undergoing high levels of shear deformation.
In order to estimate shear stresses in this material, it was modeled as a thin, viscous layer sheared
by a spinning disk, as depicted in Figure 3-5. As seen in figure 3-3a-d the flow zone does not
represent a perfect cylinder as in figure 3-5. This is noted as this model is to serve as an estimate
of the shear stresses and strain rates calculated below.

Figure 3-5: Upper rotating disk and lower stationary disk shearing a viscous material of
thickness t.

This material modeling approach follows that presented in [18], where we assume that the
thin layer of aluminum under the spinning tool surface can be approximated as a Newtonian
material. In this case, the upper disk is assumed to be rotating at a constant rate Ω𝑜𝑜 , the distance

between the disks is the thickness of the sheared layer t, and the velocity gradient between the
upper and lower disk is a linear function of both r and z:
(3-1)

𝑣𝑣 = 𝑟𝑟Ω(𝑧𝑧)
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where the rate of rotation depends linearly on z position:
Ω(𝑧𝑧) = Ω0

𝑧𝑧
𝑡𝑡

(3-2)

The position z=0 corresponds to the boundary between the sheared layer and the material

underneath that is not sheared (stationary disk), while z=t corresponds to the interface where the
material contacts the flat tool (rotating disk). It is assumed that there is no slip between the rotating
upper disk or the stationary lower disk, which is an approximation, but may be fairly reasonable
for aluminum in contact with an H13 tool surface (z=t position) at high temperature. Micrographs
of the boundary at the z=0 position have shown a fairly abrupt transition between fine grains that
resulted from dynamic recrystallization and larger grains that were not affected by shear
deformation, as will be seen later.
The shear strain rate in the material is obtained by taking the derivative of the velocity in
equation 1 with respect to z:

𝜀𝜀̇ =

𝑑𝑑v
𝑑𝑑𝑑𝑑

=

𝑟𝑟Ω0

(3-3)

𝑡𝑡

This expression is simplified to the shear rate at the rim of the disk:
(3-4)

𝜀𝜀̇ = RΩ𝑜𝑜 /𝑡𝑡

as is done in analogous modeling of a disk rheometer [19].
Then the shear stress in the material, or flow stress, is a function of strain rate and viscosity
µ (Newtonian assumption):

𝜏𝜏 = 𝜇𝜇𝜀𝜀̇

(3-5)
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The torque required to rotate the disk is obtained by integrating the product of radial distance from
the axis of rotation and the shear stress over the surface of the disk:
𝑅𝑅

𝑇𝑇 = ∫0 𝑟𝑟𝑟𝑟

𝑟𝑟Ω0
𝑡𝑡

2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 =

𝜋𝜋𝜋𝜋Ω0 𝑅𝑅4

(3-6)

2𝑡𝑡

where R is taken as the radius of the sheared zone, which is approximately the radius of the tool.
Since the torque is a parameter that can be measured during a plunge experiment, it becomes an
input that allows for computing the viscosity of the material:

𝜇𝜇 =

2𝑡𝑡𝑡𝑡

(3-7)

𝜋𝜋Ω0 𝑅𝑅 4

The strain rate computed from equation 4 and viscosity from equation 7 are combined to

estimate shear flow stress, using equation 5. It is also noted that when applying this model, the
outer radius is used for all tool variation to represent an estimate of the material behavior. This rim
shear rate has more applicability to the hollow tools as the “dead zone” is eliminated.

Results and Discussion for Solid Tool Design
A representative curve of shear stress in the layer of material under the tool, along with tool
temperature as measured by thermocouple (location in figure 3-3), are shown in Figure 3-6 for the
solid tool design (Tool 1 shown in Figure 3-2).
The shear stress in Figure 3-6 peaks early in the plunge and then drops as the temperature
increases. This behavior is similar to the torque curve characteristic seen in high pressure torsion
experiments [30]. Flow stresses were measured at several time increments along the entire curve,
over a range of strain rates and temperatures for each set of parameters and for the different tool
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designs. Individual experiments were performed to terminate the deformation and thermal cycle
so the depth of the material deformation below the tool could be measured at the target temperature.
This depth is needed to calculate the strain rate at each time increment, as shown previously in
Figure 3-3.

Figure 3-6: Shear stress and tool temperature as a function of time, for a high-pressure
shear experiment executed with tool 1 at 400 rpm at a constant vertical load of 27 kN.

Table 3-2:4 presents the data from all high-pressure shear experiments performed with
Tool 1. Shear flow stresses varied from 22 – 104 MPa over a range of strain rates and tool
temperatures of 124 – 2681 s-1 and 105 – 415C, respectively. The HPS experiment yields a large
range of strain rates. This allows us to observe a strain rate sensitivity as demonstrated in figure 37. As the strain rate increases the resulting shear flow stress measurement decreases at the rate
shown. This pattern is consistent for the different temperature ranges tested. This is contrary to
traditional flow stress measurements. In hot compression and torsion higher strain rates generally
yield higher flow stresses for a given temperature. This different behavior may be attributed to
shear as the mode of deformation and the influence of DXR and grain sizes in the flow zone.
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Table 3-2: HPS dataset @ 200 rpm using Tool 1.
Load (kN)

27

36

45

RPM

200

200

200

Duration (s)

Flow Stress (MPa)

Temperature (C)

Strain Rate (𝒔𝒔−𝟏𝟏 )

1.5

61.7

121

904

4.5

50.8

216

586

12

46.1

300

321

59

43.2

405

124

1.3

79.0

110

1013

3.2

69.2

212

570

7.5

61.4

306

301

26

52.9

400

177

1.2

104

121

848

2.9

81.5

219

395

6.1

72.2

306

267

20.3

60.8

401

174

Table 3-3: HPS dataset @ 400 rpm using Tool 1.
Load (kN)

27

36

45

RPM

400

400

400

Duration (s)

Flow Stress (MPa)

Temperature (C)

Strain Rate (𝒔𝒔−𝟏𝟏 )

0.9

55.5

121

2.4

37.3

219

1333

5.8

31.5

301

792

23

28.2

415

362

0.8

65.8

117

1723

2

47.3

221

1012

4

40.4

305

682

12

35.7

415

329

0.8

66.1

105

1630

1.6

55.5

197

1024

3.5

45.4

300

698

10

39.2

412

285

37

1630

Table 3-4: HPS dataset @ 600 rpm using Tool 1.
Load (kN)

27

36

45

RPM

600

600

600

Duration (s)

Flow Stress (MPa)

Temperature (C)

Strain Rate (𝒔𝒔−𝟏𝟏 )

.75

36.3

123

1630

2.5

23.3

217

1333

5.4

22.4

306

1060

15

22.35

412

688

.66

44.1

129

2681

1.7

32.5

213

1666

4

28.6

310

1154

11

24.8

407

737

.72

47.8

128

2295

1.9

34

216

1453

4

30.9

303

979

11

26.2

404

740

Figure 3-7: Relationship between shear stress and strain rate at 400 C.

The presence of this axial load is consistent with FSW conditions. The amount of
downward force or pressure present during FSW can have a noticeable effect on defect
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formation/size and microstructure formation and this is one of the reasons why the HPS approach
emulates the FSW process [5, 14].

Figure 3-8: Positive relationship between measured shear flow stress and pressure exerted
by the solid tool (Tool 1).

While the effect of pressure has not been explicitly included in most material models used for
simulation of FSW, the experimental data presented in the paper indicate the need to account for
such a dependence.
With the outputs of the HPS experiment we can deduce a shear flow stress from equation
5 of the material flow model. The shear flow stress data in Tables 3-2 through 3-4 are compared
with hot compression [36] data from the literature, as seen in Figure 3-9a.
The HPS experimental data exhibit higher strain rates than hot compression data as seen in
figure 3-9b. For temperature ranges of 400-450 C or 300 -350 C the high-pressure shear
experiments generate flow stresses that are 72%-86% lower than hot compression, respectively.
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This is interesting to note as the average strain rate of the HPS data was 4 to 7 times higher than
the hot compression data.
The HPS flow stress data is also compared to hot torsion of AA2219 as seen in Figure 310. Data were taken from both data sets in the 400-450 C temperature range. This was done to
ensure consistency in the temperature-dependent material behavior. The HPS data set has an
average strain rate that is 3 times than that of the hot torsion dataset. The average shear flow stress
measurement is 46% percent lower than the hot torsion data. This comparison with hot torsion
shows more agreement than the comparison with hot compression, because the mode of
deformation between HPS and hot torsion are closer than the hot compression deformation mode.

Figure 3-9: Tool 1 dataset shear flow stresses measured by high-pressure shear
experiments, compared to data from hot compression a) Broad overview of data, and b)
Select data for comparison.

However, the HPS experiment induces pressure and a more localized material flow
boundary than hot torsion, which results in an eventual saturation in temperature and strain rate,
while not subjecting the material to a deformation mode that causes a failure.
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Figure 3-10: Select shear flow stresses measured by HPS experiments using the solid tool
(Tool 1), compared to data from hot torsion.

Results and Discussion for Hollow Tool Designs
In addition to the solid tool design, two hollow tool designs were evaluated in order to
study radial dependency in the shear flow stress measurements. The data sets for the hollow tools
with 6mm diameter bore (Tool 2) and 18mm diameter bore (18mm) are displayed in Tables 3-5
and 3-6, respectively.
The relationships between the different tool geometries within the same pressure, rpm,
and temperature parameters are displayed in Figure 3-11. It is important to note that all three tool
geometries have very comparable temperature generation rates, as seen in Figure 3-11b. Tool 4
(18mm bore diameter) varies the most in shear stress and shear thickness evolution. Tool 4
produces much lower shear stresses for the same temperatures as seen in Figure 3-11a. This is
most likely due to the thinner shear layer seen in Figure 3-11b. In figure 3-12 you can see the
pressure dependency relationship across the three different tool geometries. As the surface area
of the tool is decreased the pressure dependency line fit slope also decreases, 0.31, 0.25, 0.21,
respectively. This trend is to be expected as the “dead zone” is eliminated.
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Table 3-5: Tool 2 geometry dataset. Vertical load was compensated
to hold consistent pressure with tool 1 experiments.
Load (kN)

25.5

33.9

42.5

RPM

400

400

400

Duration (s)

Flow Stress (MPa)

Temperature (C)

Strain Rate (𝒔𝒔−𝟏𝟏 )

0.8

53

100

1664

2.3

42.4

201

1229

5.3

35.2

303

980

16.5

29.2

405

614

0.85

58.3

114

1463

2

45.9

200

1311

4.5

36.7

302

912

11.6

33.8

402

581

0.8

64.4

109

1680

2.2

48.5

217

1267

3.8

42.9

300

841

10

38

406

496

Table 3-6: Tool 4 geometry dataset.
Load (kN)

13.39

17.85

22.31

RPM

400

400

400

Duration (s)

Flow Stress (MPa)

Temperature (C)

Strain Rate (𝒔𝒔−𝟏𝟏 )

0.8

41

124

2

34

213

1466

5.5

29

321

1344

18

25

401

1097

0.75

50

120

2628

1.8

38

228

1649

3.5

34

304

1463

12

28

409

1073

0.65

51

108

2999

1.6

42

221

1264

3.4

38

311

1255

10

33

409

1051

42

2019

Figure 3-11: Tool geometry comparison at 400 C, 71.3 MPa, and 400 rpm. a) Shear stress
comparison b) Temperature and shear thickness comparison of the 3 tool geometries at the
same parameter.

Figure 3-12: Positive relationship measured shear flow stress and pressure exerted by the
three tool geometries. Data shown is at 400 rpm @ 400 C.

Conclusion
A high-pressure shear test for measuring flow stresses at the elevated strain rates and
temperatures present in the stir zone during friction stir welding is evaluated with a solid tool
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design and two hollow tool designs. The tools were plunged into AA 2219 plate at different levels
of rotational speed and vertical load, while torques and temperatures were measured. A viscous
material model for the shear layer under the rotating tool uses a Newtonian material assumption,
where viscosity is calculated as a function of torque, shear layer thickness, and rotational tool
speed. The following conclusions were drawn from the results presented in this paper:
1. The HPS shear flow stress data estimated from the analytical model, were found to be from
72-86% lower than those found in the literature at similar temperatures and lower strain
rates for hot compression.
2. The select HPS dataset was found to be 46% lower than hot torsion data at similar
temperatures and lower strain rates.
3. Shear flow stress measurements are pressure dependent, and a distinct positive relationship
is observed. Shear flow stress measurements increase on average 31% with increasing from
53.5 to 89.1 MPa.
4. The higher shear rates yielded lower shear flow stress values when considering all of the
HPS experiments. A 30% decrease in shear flow stress is seen going from a tool speed
range of 200-400 rpm to 400-600 rpm.
5. Using a hollow tool reduces the radial variation caused by the “dead zone” resulting in a
lower shear flow stress measurement, and likely a better emulation of the deformation
conditions present in the FSW process. The resulting shear flow stresses would be more
accurate for modeling the material near the spinning tool in a FSW process simulation.
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4

CONCLUSIONS AND FUTURE WORK

Summary of Work
The purpose of this research was to develop a new approach for generating experimental
flow stress data in conditions that are relevant to FSW. The existing flow stress data up to this
point has been based in hot compression and hot torsion. While these methods are not explicitly
incorrect, they may not reflect the material conditions found in FSW. The main differentiating
factor of the HPS method is the introduction of pressure to a shear-dominant deformation process.
In Chapter 2 we did a preliminary study of the HPS experiment in AA6061-T6. Using a
6XXX series alloy provided access to a lot of existing literature about flow stress measurements
at different strain rates and temperatures. We explored the parameter set for the HPS experiment
and its repeatability. We concluded that there was a threshold for sufficient flow in the material
that must be achieved to achieve repeatability. The main conclusion for this paper was that the
HPS experiment yielded flow stress measurements that were significantly lower than literature
flow stress data using hot compression and hot torsion. Additional conclusions regarding the
saturation of temperature generation and pressure dependency of the measured flow stresses
were also derived from this work. Ultimately, we were able to conclude that the HPS process
mimics the deformation conditions near the tool in FSW and produced flow stress values lower
than other testing processes from the literature, owing to the small grains generated in the shear
zone under the tool at high strain rates and temperatures.
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In Chapter 3 refinement of the HPS process with different tool designs led us additional
insights. Changes to the procedure were made in the form of temperature-based termination, rpm
variation, and additional tool geometry. This expansion on the work presented in Chapter 2 was
completed in a new alloy, AA2219-T87. This improved process allowed us to draw conclusions
relating to pressure dependency, shear rate dependency, and flow zone “dead” zone
characteristics. The HPS AA2219 dataset when compared to literature results from hot
compression and hot torsion testing was lower for data points within similar temperature and
strain rate ranges.

Figure 4-1: 3d plot of flow stress measurements with pressure and rpm/strain rate.

Figure 4-1 is a summary of the HPS tool 1 AA2219 dataset. The trends seen in this 3d plot
summarize the overall conclusion of this work. For a given temperature as rpm increase, or strain
rate, the HPS flow stress measurement decreases. This negative dependency is a characteristic of
shear deformation that we believe to hold true in the FSW process, again because of grain
refinement in the material sheared by the tool. This work concluded that there is a positive
pressure dependency in the HPS experiment. This is something that needs to be taken into
account for modeling of FSW but is currently not considered by most investigators. We know
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that pressure is important to weld quality in FSW to prevent defect formation and voids below
under tool [8, 31-33].

Future Work

4.2.1

Grain Size Analysis
In figure 3-8 we observe that the HPS flow stress has a negative dependence with rpm

increase. We believe this behavior is specific to the deformation mode of shear. The DXR and
grain size changes that happen in the shear zone accounts for the material response to the
increasing rpms. This relationship will need to be explored further to understand at what point
this saturates and DXR and grain size no longer accommodates the increasing rpms, thus
decreasing the flow stress response. Additional work will need to be done to quantify the grain
size variation in the shear layer of the HPS samples. This grain size measurement is needed to
confirm the conclusion that DXR is the mechanism behind the decreasing flow stress values with
increasing rpm. HPS experiments will need to be completed with a quenching operation to
achieve this.
In a study similar grain sizes were measured in AA7050 as the bottom of a stationary
plunge. These grain sizes were found to be on the magnitude of 25-100 nm [37]. It will be
interesting to compare the grain sizes found in the subsequent HPS quench trials.

4.2.2

Tool Geometry Work
Further refining the viscosity model and how it relates to tool geometry is another aspect

of the work left to do. Currently the outer radius of the tool is used to estimate strain rate and
there may be a better approach to this calculation. There are HPT experiments that have been
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completed that use a similar tool geometry to the HPS hollow tools. How they account for the
inner and outer radius in the experiment may be applicable to the HPS viscosity model [30]. The
change in the calculation will result in minor estimation changes for stress and strain rate, but
this may uncover hidden trends in the data as the calculation becomes more sensitive.

4.2.3

Material Model Development
With a new process for estimating flow stresses a better model will be needed for

interpolating this data as well as applying it to the full process window of FSW. The newest
addition to the data in the literature is the pressure component. It is well documented that
pressure is critical for sound FSP welds, it also well documented that flow stresses are pressure
dependent. Adding a pressure variable to a model would better define a flow stress in relation to
FSW.

Impact of Research
The goal of this research is to expand our understanding of material behavior in FSP
conditions. It is clear that there are deficiencies in this understanding as there is plenty of
controversy in how we define the deformation found in FSW [9]. With more accurate flow stress
data we can better inform existing material models. Ultimately this leads to the eventual
predictive modeling of FSW/FSP processes. The HPS development process follows a similar
procedure found in developing FSW process window for specified alloys and applications [38].
The advantage HPS can bring is doing this once rather than repeating this process for every weld
configuration. Reducing the development time for FSW will ultimately lead to wider use of this
enabling joining process.
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An additional contribution this research brings is a process that can be implemented with
minimal equipment needs. The ability to gather data with your own machine gives you the
flexibility and agility to gather that data when you need it. The simplicity of the proposed
approach should also make it easy for the FSW community to adopt, resulting in more rapid
welding development and broader use of this enabling technology.
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